The instantaneous heat transfer coefficientsin a scraped-film heat exchanger have been determined using the electrochemical technique for a two-bladed, 78.7 mmI.D. exchanger. The time-averaged local heat transfer coefficients were found to agree fairly well with previous work of Azoory and Bott, though some variation in liquid flow rate was detected. The timeaveraged local Nusselt number was found to be represented by Nu =0.15(Rer à" Pr)inRel with a=(l-3.74 x 10"W)/9. The variation of heat transfer coefficient with time was observed to be very different from that predicted by the accepted model for the phenomena based upon unsteady state conduction.
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In a scraped-film heat exchanger, the liquid film is subjected to gravitational and centrifugal forces as the blades rotate and scrape it from the outer heat transfer surface. At the same time, fresh material is exposed to a clean heat transfer surface. The fluid mechanical and heat transfer phenomenaoccurring in such a system are very complex and hence any analysis of the heat transfer mechanisms must be based on a simplified model for these phenomena. The object of this study was to measure indirectly the instantaneous heat transfer rate at points in the exchanger in order to elucidate the actual behavior in such systems. This was done using the electrochemical method developed for such studies10\ The main advantage of such a system is that it provides an instantaneous mass transfer rate uncomplicated by thermal or mass capacity effects.
The analogy between heat and mass transfer allows translation of the mass transfer rate to a heat transfer rate (or coefficient).
Many investigators have studied the scraped-film heat exchanger. For instance, Kern and Karakas7) and Lustenader et al.9) have postulated that heat is transferred through the film by steady-state molecular conduction. Kool8) and Harriot5) suggest that the rate of heat transfer depends more on the rate of transient conduction in a frequently renewed layer than on the rate of steady-state conduction through the entire film. This model is very similar to the penetration surface-renewal models (penetration theory model) of Higbie6). In this model, as originally proposed by Kool8), the heat transfer coefficient is calculated from the relationship
where the derivative is obtained from the solution of the transient conduction equation : The schematic diagram of the experimental apparatus is shown in Fig. 1 [4] , a rotameter and a heater [6] (for temperature control) and then through the scraped-film exchanger [8] back to the reservoir. To avoid oxidation of the ferrocyanide solution, nitrogen gas blanketed the storage tanks. The rotation speed of the wiper was controlled by a variable-speed motor control [7] . All flow lines were made of type 316 stainless steel or plastic tubing to minimize corrosion effects. The instantaneous current through a given electrode was measuredby measuring the instantaneous voltage across a knownresistance. This voltage was recorded by a Minneapolis-Honeywell Yiscorder (recording oscillograph) which employs mirror galvanometers with high frequency response. All measurements were made with the fluid temperature at 30°C (±0.5°C). The compositions and physical properties of the electrolyte solution and the range The method has been reviewed in detail by Mizushina10).
The basis of the method is that when operating at the so-called "limiting current" condition the electrochemical phenomenaare limited by mass transfer at the cathode only, and hence the concentration of ferricyanide ion is zero at this electrode. Mass transfer limitations do not occur at the anode, if its transfer area is very large relative to that at the cathode. Under these conditions, the mass transfer coefficient is given by K= (i/neFA Cb) (7) To overcome ion-migration effects in a potential field, the potassium ferricyanide/ferrocyanide solutions are dissolved in a strong electrolyte, in this 446 case aqueous caustic. When the concentration of this unreactive electrolyte is high enough compared with the concentration of ferricyanide ion, the transfer of ferricyanide ion is by ordinary diffusion or by the ordinary mass transfer mechanism with constant composition at the wall.
To obtain heat transfer coefficients, it is assumed that an analogy exists between heat and mass transfer, the analogous heat transfer system corresponding to that of constant wall temperature. The analogy suggests that the j-factors for heat and mass transfer have the same dependence on the fluid mechanical parameters (such as Reynolds number). This means
and hence h = KCpp(Sc/Pr )m In turbulent pipe flow, m=2/3 but in the system under study the value of this exponent is unknown. Previous experimental studies2) ll) suggested that the exponent of the Prandtl number in ay-factor correlation is zero. On the other hand, considering the penetration model, the exponent is 1/2. This coefficient was used here, although obviously the analogy between heat and mass transfer should be better established before the results of this study can be confidently extrapolated to heat transfer systems. The results are presented with this reservation.
3. Experimental Results and Discussion 3. 1 Limiting current experiment Before meaningfulmeasurementscan be madeon the systems, the experimental conditions under which the limiting current assumption can be mademust be established. This was determineded as follows:
At a typical operating condition (rotational speed, liquid flow rate) a series of measurements was made of current density at particular settings of cathode potential.
Since the instantaneous current varies with time (see Fig. 4 ), it was recorded continuously for each cathode potential.
The maximum and minimum currents (labelled^=0°and 0=90°, respectively)
are plotted as a function of voltage in Fig. 3 . The limiting current region is that voltage range over which the current is constant. The results are shown in Fig. 3 and it can be seen that this characteristic constant current occurs when the voltage is maintained between the limits of 1.05 to 1.3 volts. The sharp increase in current at voltages above this is caused by the discharge of a secondary reaction. A voltage of about 1.2V was used in the experiments of this investigation. 3. 2 Time average heat transfer coefficient The instantaneous current as measured at one cathode is plotted, in Fig. 4 , against angle (transformed time scale) where the angle is the apparent one between the wiper blade and the radius vector through the electrode. In this plot, it is assumed that the maximum masstransfer rate occurs whenthe wiper blade passes over the electrode. By fixing a microswitch at an appropriate position on the shaft, and with an appropriate electrical current, the actual time when the blade passed the electrode was recorded on the chart simultaneously. It was found that only at the lowest rotational speed did the maximumcurrent coincide nearly with the <fi=Q°. As the speed of rotation increased, the wiper blade passed the electrode somewhatbefore the maximum was reached and this time difference increased as the rotational speed increased. This point will be discussed later. Since the instantaneous current is a direct measure of the instantaneous mass transfer coefficient, it is possible to obtain an integrated average mass transfer coefficient by integrating these point values to give the integrated average current to be used in Eq. (7). The averaged heat transfer coefficient is obtained from (5) and (6)).
There is also considerably more scatter of the results than would be expected given the accuracy of the experimental technique. Indeed, there seeins to be an apparent effect of mass flow rate, which is more apparent in Fig. 7 ; To investigate this mass flow rate effect, the average heat transfer coefficient was plotted against mass flow rate for constant rotational speed, as shownin h= Wa (9) where a is the slope of the h versus Wplot (Fig. 8) .
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When this exponent is plotted against N (Fig. 9) , it is shownto be a linear function of rotational speed and can be expressed by
The exponent extrapolates to a value of 1/9 at N=0. This is exactly the exponent found by Boys and McAdams4) in their correlation of heat transfer coefficient versus flow rate of liquid films flowing down the inside of a vertical cylinder (forced convection by gravity only). This suggests that although centrifugal forces obviously dominate the heat transfer/fluid mechanical phenomena, gravity still plays a secondary role and a relatively lesser one as rotational speed increases.
The effect of flow rate may be expressed in dimensionless form through the Reynolds number. A plot of Nu/Rel vs. Peclet number as indicated in Fig. 10 provides the desired correlation.
Note that the results show very little scatter about the best straight line through the data as represented by the equation
(1 1) Nowthe exponent on the Peclet number, as determined from the best line fit, is 1/2, as theory suggests.
3 Instantaneous Heat Transfer Coefficient
With the electrochemical technique, the variation of current with time is a direct indication of the variation of the instantaneous heat transfer coefficient. This variation is shown in Fig. ll , where, for a number of selected rotational speeds, the instantaneous current is plotted against a dimensionless time (time normalized with respect to N/n, the time between scrapings at a particular point). Zero time is arbitrarily taken at the time whenthe current is minimum. The experimental system allowed a measurementof when the blade passed directly over the electrode and this observation is indicated by the arrow on the plot. There are a number of points worth noting:
( i ) The time period from the minimum to the maximum current increases with rotational speed. This suggests that the minimum heat transfer coefficient occurs as the liquid fillet, which has been observed to exist on the foward face of the blade, passes over the point in question.
Although the time-averaged coefficients have already been shown to be approximately a third of those predicted by the conduction model, it is informative to comparethe variation of the calculated instantaneous values with those observed (comparing shape of Curves). This is best done by normalizing the calculated values relative to the calculated minimum and then plotting the variation of this normalized heat transfer coefficient or current against normalized time in Fig. 11 *. There is no question that the observed variation is quite different from that predicted by the conduction model. It can therefore be said that the current model has been proven to be inadequate on both counts, i.e. (i) for predicting the average heat transfer coefficient and (ii) for predicting general shape of variation of the instantaneous coefficient with time.
Conclusions
The conclusions and contributions of this study can be summarized as follows: (i) The electrochemical technique has been used successfully to study the transport phenomena in a scraped-film heat exchanger.
(ii) The time-averaged heat transfer coefficients for a two-bladed scraped film heat exchanger may be predicted from the equation Nu=0A5(Rer 'Pr)°-5Rea w with a=(l-3.74x 10"W)/9. This correlation suggests that both centrifugal and gravitational forces are important, the latter being of lesser importance as rotational speed is increased. (iii) Since the recommended correlation represents the data obtained by Bott and Azoory for pure heat transfer quite well, and since it was based on an analogy which required the heat and mass transfer coefficients to vary as the square root of the Prandtl and Schmidt numbers, it is suggested that the proposed correlation may have wider applicability than might be suggested by the limited range of physical properties which have been investigated here. More experimental work in this area is obviously required. (iv) The observed variation of the instantaneous heat transfer coefficient with time is quite different from that predicted by the unsteady conduction model. Therefore, there is a need for developing a model which accounts more realistically for the actual fluid mechanical behavior of the fluid in the exchanger. 2) Bott, T. R., S. Azoory and K. E. Porter: Trans. Inst. Chem.
Eng., 46, T33, T37 (1968).
3) Bott, T. R. and J. J. B. Romero: Can. J. Chem. Eng., 44, it coordinates to Fe(II). As absorption proceeds, the absorption rate decreases because of the consumption of Fe(II)-EDTA and the reversible nature of the complexing reaction. However, if some reducing agents such as Na2SO3, which can reduce NO coordinating to Fe(II)? are added to the solution, high absorption rate can be maintained.
The purpose of this paper is to investigate the chemical equilibrium and the kinetics of the complexing reaction between NO and Fe(II)-EDTA and the absorption mechanism of NOboth in the absence and in the presence of Na2SO3, using a bubble column and a stirred vessel with a free flat gas-liquid interface. The effect of experimental conditions on the conversion of NOto N2Owas also examined.
